To understand the determinants of angling vulnerability arising from the interplay of fish and angler behaviour, we tracked 33 large Eurasian perch, Perca fluviatilis, with fine-scale acoustic telemetry at a whole-lake scale while simultaneously tracking boats of small groups of experimental anglers (n = 104) who varied by self-reported skill. We report two key findings. First, perch vulnerability was strongly related to a repeatable habitat choice behaviour, but unrelated to swimming activity as a personality trait; importantly, highly vulnerable perch were captured throughout the lake and not only in their preferred habitat, suggesting covariance between spatial habitat choice and a behavioural determinant of vulnerability. Second, catch per unit effort of large perch increased with self-reported angling skill, an effect unrelated to skill-dependent lure use or an angler's ability to encounter perch. Importantly, high-skill anglers captured more fish but not different spatial behavioural phenotypes. Our study has implications for designing protected areas by showcasing that angling could systematically alter the habitat use of exploited populations at whole-ecosystem scales, without necessarily changing average swimming activity and home range extension.
Introduction
The intrinsic vulnerability to angling is strongly behaviourdependent because fish must ultimately approach and ingest a bait or lure (Uusi-Heikkilä et al. 2008; Løkkeborg et al. 2014; Lennox et al. 2017) . Recent studies have shown large intrapopulation variation in heritable behavioural types (also known as personality traits) in many fish species (Conrad et al. 2011; Mittelbach et al. 2014) , and these traits have been found to be repeatable (i.e., consistently different among individual fish) in the wild (Harrison et al. 2015; Nakayama et al. 2016; Monk and Arlinghaus 2017) . If heritable, repeatable behaviours correlate with angling vulnerability, harvesting could induce selection on behavioural types Arlinghaus et al. 2017a; Diaz Pauli and Sih 2017) . Given recreational angling's global popularity , the selective removal of certain behavioural types may be strongly altering the behavioural composition of fish populations, phenotypically and genotypically (Tsuboi et al. 2016; Cooke et al. 2017) . As a consequence, population-wide behavioural changes could create relevant ecological, managerial, and evolutionary effects Arlinghaus et al. 2017a; Diaz Pauli and Sih 2017) . Despite substantial conceptual appeal (Arlinghaus et al. 2017a) , the degree to which angling-induced selection on behaviour occurs in the wild is poorly documented .
Recently, several empirical studies investigating correlations between behavioural types and vulnerability to fishing gear have been published (reviewed in Arlinghaus et al. 2017a ). These studies were overwhelmingly conducted under laboratory conditions (Diaz-Pauli et al. 2015; Killen et al. 2015) or with wild-caught fish assayed for personality in a laboratory setting or seminatural ponds (Wilson et al. 2011 (Wilson et al. , 2015 Vainikka et al. 2016) . Such approaches could bias conclusions Niemelä and Dingemanse 2014) . Indeed, there is conflicting evidence regarding which traits are under selection by angling in a range of species. For example, swimming activity and general spatial behaviours should correlate positively with angling vulnerability because both traits increase the probability of encountering hooks, which is required for capture (Uusi-Heikkilä et al. 2008; Alós et al. 2012) . A model by Alós et al. (2012) suggests that if vulnerability is entirely encounter-based, there should be consistent selection on swimming activity, while angling-induced selection on home range will depend on the specific style of fishing. However, many studies relying to some portion on testing behaviours in seminatural or artificial conditions failed to relate individual variation in activity to angling vulnerability (Binder et al. 2012; Härkönen et al. 2014 Härkönen et al. , 2016 Wilson et al. 2015; Monk and Arlinghaus 2017) . Also in the wild, basal activity and home range size of Atlantic cod, Gadus morhua, were both unrelated to vulnerability to a range of passive fishing gears (Olsen et al. 2012) . By contrast, in another study conducted in the wild, Alós et al. (2016) found that more vulnerable adult pearly razorfish, Xyrichthys novacula, had elevated swimming activity and a greater home range size. Selection on the personality trait "activity" or on emerging patterns such as home range may thus be fishery-and species-specific, and more studies in situ are needed.
Under field conditions, the fish behaviours that might influence the capture process will also interact with angler behaviour (Alós et al. 2012; Matthias et al. 2014; Wiig et al. 2014) . Anglers are heterogeneous in specialization, preferred techniques, knowledge of fishing sites, general angling skill, and site choice (Bryan 1977; Johnston et al. 2010 ), all of which can affect fish encounters and entice fish to bite. In a simulation of fish and angler movement, Alós et al. (2012) found that anglers fishing from fixed positions imposed a stronger negative selection on home range, while anglers searching freely (e.g., by angling from boats) imposed a stronger negative selection on fish activity. Therefore, angler search and fishing styles jointly affect behavioural selection, and both need to be studied in realistic field settings. Moreover, anglers differing in lure choice might catch fish with different behavioural types (Wilson et al. 2015) , and both searching style and lure choice could vary with angling skill and level of specialization (Bryan 1977) . A relationship between angling skill and catch rates has been documented in a range of species (e.g., Dorow et al. 2010; Heermann et al. 2013; Ward et al. 2013) . However, little research is available on the mechanisms causing an angling skill effect on catch rates, and an important limitation is that there are few reliable measures of angler skill to classify study participants (Seekell 2011) .
Our goal was to understand how vulnerability to lure-based angling from boats relates to the interplay of angler and Eurasian perch, Perca fluviatilis, behaviour in a natural environment. Eurasian perch is an appropriate study species because it is highly demanded by anglers (e.g., Arlinghaus and Mehner 2004) and angler experience is known to determine catch rates and capture size of perch (Heermann et al. 2013) . Additionally, perch show personality in swimming activity in nature and in a range of other traits in laboratory contexts (Magnhagen 2012; Magnhagen et al. 2012; Kekäläinen et al. 2014) . We followed three objectives and tested three associated hypotheses. The first objective was to test for the potential relationship between perch activity, space use and habitat choice, and vulnerability to angling. Following Alós et al. (2012) , we hypothesized that more active perch (but not necessarily those with a larger home range) are more likely captured. Our second objective was to test for the relative importance of angler skill, skill-dependent lure use, skilldependent encounters with perch, and fishing location choice on catch rates. We hypothesized that anglers who self-report to be more skilled capture more fish (as per Dorow et al. 2010 in European eel, Anguilla anguilla, angling) through improved searching and lure selection. Our third and final objective was to disentangle the relative importance of perch and angler behaviour for determining individual vulnerability from the fish perspective. To that end, we precisely investigated the encounter process in light of fish personality traits in situ and hypothesized that higher encounters with skilled anglers will increase angling vulnerability, beyond an increased intrinsic vulnerability of more active fish.
Methods

Perch tagging
We tracked large piscivorous perch with a calibrated fine-scale, whole-lake acoustic telemetry system (see Baktoft et al. 2015 for functioning and accuracy) in the research lake Kleiner Döllnsee. Kleiner Döllnsee is a 25 ha weakly eutrophic natural lake (total phosphorus at spring overturn of 38 g·L −1 ) located ϳ80 km northeast of Berlin (52°59=32.1==N, 13°34=46.5==E). It is closed to public access and without public fishing since the early 1990s. Reeds, Phragmites australis, surround the lake and provide shelter to fish, as submerged macrophyte coverage is presently minimal (Fig. S1 1 ) . The maximum lake depth is 7.8 m and the average depth is 4.4 m. The northern section of the lake features a flat, relatively sandy and sparsely vegetated bay area adjacent to a straight shoreline with a relatively steep slope in water depth, while the depth in the southern section increases more gradually and the substrate is mainly composed of fine sediments (mud) (Fig. S1 ). During the study period from 7 September to 19 October 2015, the water temperature was on average 12.9 ± 2.5°C and Secchi depth was ϳ2 m. In Kleiner Döllnsee, perch share a role as aquatic top predator with an abundant northern pike, Esox lucius, and less abundant European catfish, Silurus glanis, population.
The perch population we studied was never exposed to targeted angling besides some experimental northern pike studies where perch was a rare bycatch Kuparinen et al. 2010; Pagel et al. 2015; Laskowski et al. 2016; Arlinghaus et al. 2017b) . A majority (n = 44) of perch we tagged came from Kleiner Döllnsee, but we added several individuals (n = 6) from a nearby (2.3 km), ecologically similar lake, Großer Vätersee, to increase sample size. All perch were collected by gill nets set over 30-60 min to minimize fish damage and stress. Acoustic telemetry tags (model MM-M-11-28-TP, transmission rate 27.5 s, wet mass 6.5 g; Lotek Wireless Inc., Newmarket, Ontario) were surgically implanted according to methods described elsewhere into the body cavity of perch (total length (TL) 374 ± 20 mm (mean ± SD), wet mass 744 ± 140 g (mean ± SD)) in autumn 2014 (n = 31, water temperature 10.0°C) and post-spawning in spring 2015 (n = 19, water temperature 13.5°C) (see Table S1 for individual tagging data). Fish were anaesthetized by a 9:1 95% EtOH -clove oil solution (Carl Roth, Karlsruhe, Germany) added at 1 mL·L water −1 . Surgical materials and tags were sterilized with 7.5% povidoneiodine (PVP) (Braunol ® ; B. Braun, Kronberg, Germany) in water, and all efforts were made to minimize handling. Surgeries were on average 4:16 ± 1:11 min. Perch were also fitted with a 12 mm passive integrated transponder (PIT) tag (Oregon RFID, Portland, Oregon) under the skin beneath the dorsal fin for later identification. After recovery from anaesthesia, perch were released into Kleiner Döllnsee.
Objective 1
Assessment of perch behaviours and personality for studying angling-induced selection
To assess perch personality and related behavioural outcomes (e.g., space use as an emergent property of systematic variation in activity, Harrison et al. 2015) , a suite of behaviours (distance swum, distance from the shore, 95% activity space size, mean latitude, and mean longitude) were scored for each fish daily from a data set of 2 061 249 positions recorded 7 September to 19 October. Each behaviour was chosen because it relates to the encounter process (Alós et al. 2012; Matthias et al. 2014; Lennox et al. 2017) . We calculated the distance swum from the sum of Euclidean distances between recorded positions for each fish. We excluded distances below 5 m because these are indistinguishable from telemetry error . The distance measurement represented only the swimming distance while an individual fish was in the sublittoral area or open water of the lake because the telemetry system functions best outside the reed belt in open water . Each recorded position had a minimum distance to shore. A perch's daily tendency to be inshore or offshore, a correlate of angling vulnerability in largemouth bass, Micropterus salmoides (Matthias et al. 2014) , was measured as the daily mean minimum shore distance. We estimated the activity space size from the 95% volume contour of the kernel utilization distribution area daily for each fish. Individual activity space size was not calculated on days with fewer than 30 positions to avoid biased estimates from small sample sizes (Seaman et al. 1999) . The kernel utilization distribution was estimated with the adehabitatHR package in R (version 3.2.4) on a 200 by 104 cell grid with a cell size of 5.78 m and a 10 m smoothing parameter. Lastly, the daily mean longitude and latitude were calculated to measure the central tendency of space use, reflecting a measure of habitat choice. Behaviours were also estimated for daytime and nighttime only (defined by civil sunrise and sunset times) to check for diurnal behavioural patterns.
Repeatability of perch behaviours
To check for systematic among-individual behavioural variation on which angling selection could act, we calculated each behaviour's repeatability (7 September to 19 October). We partitioned within-and between-individual covariances of a behaviour across days using univariate mixing models fit with Markov Chain Monte Carlo procedures (Dingemanse and Dochtermann 2013) . Models were fit with fish identity as a random intercept and an uninformative prior appropriate for the error distribution. The models for distance swum and activity space assumed a Poisson error distribution, and the models of remaining behaviours assumed a Gaussian error. Repeatability was calculated according to the appropriate equation given in Nakagawa and Schielzeth (2010) . We ran each model over 500 000 chains with a burn-in of 1000, and every 100 chains were sampled to prevent autocorrelation. Trace plots were examined to verify convergence and assess goodness of fit (see Supplementary Information 2). Each model was run five times to ensure consistent estimates (only one model is reported).
Understanding the fish perspective -modelling angling selection on fish behavioural traits
We used a Cox proportional hazards model to test for the relationship between behaviours, TL, and speed to capture and a logistic regression to test for the relationship between the same predictor variables and a binary fitness (i.e., capture) outcome (1 indicated capture, i.e., theoretical death through harvest, and 0 indicated never captured, i.e., survived the fishery). We considered length in addition to behavioural variables because size is frequently related to angling vulnerability (Lewin et al. 2006 ) and often correlates somewhat with encounter-based behaviours (Biro and Post 2008) . Therefore, we attempted to disentangle the contribution of size and behavioural variation to vulnerability. The Cox proportional hazards model incorporated units of fishing effort as a time variable and used counting censoring (Hougaard 1999) , as some individual fish were recaptured. The logistic model did not incorporate information about recaptures, which is irrelevant from a fitness/selection perspective. We only included variables in the models with variance-inflation factors below 3 to avoid collinearity issues (Zuur et al. 2007 ). These variables were distance swum, longitude, latitude, and TL. Activity space size was highly correlated with distance swum (Fig. S2 ) and may be similarly related to vulnerability if distance swum would significantly predict speed to capture or capture outcome. All predictor variables were z-transformed for standardization of effect sizes. We compared a restricted model set based on our hypotheses. To select the best model, we compared the conditional Akaike information criterion (AICc) and considered models with a delta AICc less than 2 to have equal explanatory ability (Burnham and Anderson 2003) .
Objective 2
Effects of angler skill on catches
Experimental anglers were recruited via angling shops, clubs, and internet forums. Voluntary anglers who contacted the authors received a questionnaire to pre-classify them according to self-reported skill. Self-reported angling skill (later calibrated against actual catching ability) was assessed from three items taken from several indices of angler specialization (e.g., Wilde et al. 1998; Beardmore et al. 2013 ). The first item was worded: "Relative to other anglers whom you know, how do you estimate your angling skills in terms of catching perch?", and the second item was a modification of the first item, where the word perch was replaced with pike. The options to answer the first two items were "beginner", "less good", "similarly good", "rather better", and "angling expert" and scored from 1 to 5, respectively. The last item was worded: "How would you generally rank your angling skills in comparison to the average angler?", which was assessed on an 11-point scale with the first point as "a much worse angler than the average", the sixth and middle point as "nearly the same as the average", and the highest point as "a much better angler than the average". The answers from each question were standardized by z-transformation and transformed scores were summed for each angler. Anglers scoring in the top third of all scores were considered (self-reported) high-skill, anglers scoring in the middle third were considered middle-skill, and anglers scoring in the bottom third were considered low-skill.
The experimental anglers (n = 104) were invited for only 1 day of perch angling at Kleiner Döllnsee, from approximately 10:00 until sunset (ϳ19:00) with an hour lunch break at 13:00, either alone or in a small group of six anglers over 29 nonconsecutive days. Each angler had never fished in the study lake. Groups were present on 25 of 29 days and were composed of an equal representation of skill groups to control for potential covariance between skill and day. However, there were days where an invited angler could not attend for personal reasons (e.g., illness) and therefore the actual group size ranged from two (4 days) to six (4 days) and 5, 7, and 5 days with three, four, and five anglers respectively.
Anglers were provided standardized fishing gear (Favorite 210 cm VRN-702M rod (Favorite Co., Ukraine), Shimano Exage 2500FD reel (Shimano Germany Fishing GmbH, Germany), PowerPro, 0.13 mm braided yellow-colored line (Shimano Germany Fishing GmbH, Germany), and Trilene 0.32 mm fluorocarbon leader (Berkley Fishing, Spirit Lake, Iowa)) and their own boat equipped with a GPS data logger (i-Blue 747 ProS, Transystem Inc., Taiwan), logging once per second at 3 m precision. Anglers could fish freely in space, but only with two lure types, a copper color Mepps spinner, size 3.0 (Mepps SNC, France), and an 8.5 cm soft plastic shaker with a Kansas shiner design (Lunker City, Connecticut). Anglers could freely choose among these lure types, but noted in an angling diary which lure was used by time stamp. From the GPS data, we calculated the average latitude and longitude of each angler while they used each lure as an additional predictor of catch per unit effort (CPUE) because the combination of fishing location and lure type may be an important predictor of angling success. To measure effort, the anglers recorded start and stop times of their fishing, including small breaks, so only periods of active casting were included as effort. Additionally, anglers recorded all catches and noted the capture time, species, and TL for all captured fish. When anglers captured a perch above a threshold size of 28 cm TL, they contacted the first author via walkietalkie and the research team measured exact sizes and GPS location of the catch and checked for a PIT tag. All perch above 28 cm TL captured for the first time received a PIT tag in the dorsal musculature for identification upon recapture and use in a separate mark-recapture study. In the morning of each angling day, experimental anglers were thoroughly briefed about experimental procedures. We observed high compliance in reporting captures and completing angling diaries. The whole lake was visible to the research team and constantly monitored. The anglers' task, given during the morning briefing, was to catch perch over 28 cm TL, and they were told the experiment's aim was to learn how well anglers can find and catch perch.
Encounter rate estimation
To estimate encounters between tagged perch and anglers, we defined an encounter as a minute where any tagged fish was within casting range (15 m) of an angler. Our measure assumes that fish within casting range should sense the angler's lure. We assumed that the sample of tagged perch represented the encountering behaviour of all large perch and used tagging-based encounter data for modelling the catch rate of perch above the minimum acoustically tagged perch size (33.5 cm TL).
From the angler perspective, we considered two measures of encounter rate: (1) the cumulative number of unique acoustically tagged perch encountered scaled by angling effort (fish per hour) and (2) the total minutes exposed to any acoustically tagged perch independent of identity scaled by angling effort (fish minutes per hour). We used these two encounter measures because for an angler, encountering a new and potentially vulnerable fish may influence catch rate more than spending considerable time around a few possibly invulnerable individuals. We scaled encounter measures by effort to account for different encountering potential over longer fishing times.
The angler perspective -determinants of angler success as a function of self-reported skill
We investigated the skill effect on CPUE of all species, all perch independent of size, large perch (>28 cm TL), and perch in the size range of acoustically tagged individuals (>33.5 cm TL). For models of CPUE by skill group, we predicted catch with a generalized linear model (glm) offset by angling effort according to Kuparinen et al. (2010) . To account for overdispersion, we assumed a negativebinomial error distribution with a log link. In models where skill group was a significant effect, we used a post hoc Tukey HSD test from the R package "multcomp" (Hothorn et al. 2016 ) to compare differences among the three groups. To test if lure choice differed among the skill groups, we used a one-way ANOVA to compare the proportion of time the shaker lure was used, which was arcsine square-root transformed to conform to normality assumptions. We also compared space use preferences (mean and standard deviation of latitude and longitude) among skill groups using a oneway ANOVA. Finally, we tested for skill-related differences in perch encounters (both measures) using glms offset by effort, assuming a negative-binomial error distribution and log link.
To understand the relative importance of angler skill, both encounter measures, lure used, average latitude of the angler, and day as predictors of CPUE, we compared a restricted set of glms predicting the catch of perch over 33.5 cm TL with a Poisson error distribution and a log link, offset by effort (Kuparinen et al. 2010) . Day was treated as a continuous variable to account for any systematic temporal increase or decrease in CPUE. We further considered several possible interactions, as encounters may only increase catches for high-skilled anglers who can convert an encounter into a capture, encounters may only increase catches in the Mepps lure, which requires less technical finesse than the shaker, or encounters may only increase catches in regions of the lake where fish are foraging. Furthermore, the effect of lure may change temporally as temperatures shift and fish are increasingly exposed to anglers (Kuparinen et al. 2010) , and the effect of encounter time may strengthen with a higher rate of unique fish encountered. We used the model selection and evaluation approach detailed in objective 1.
Objective 3
Relative influence of fish personality and encounters with heterogeneous anglers on vulnerability
To test our third objective, we compared the joint effects of encounters and perch behaviours on individual angling vulnerability. As a possible covariate of overall vulnerability (i.e., fitness), we first considered the total minutes each fish encountered anglers and also the number of different anglers encountered for each angling skill group over the entire study duration. We also considered a subset of angler encounters by time exposed to each skill and lure because encounters with the lure types or skill levels may not affect vulnerability equally. We further considered encounters by habitat assuming that vulnerability may vary across habitats (Matthias et al. 2014) . Accordingly, we split the lake into three zones in an ad hoc fashion ( Fig. S1 ): an offshore pelagic zone (>5 m depth) and onshore zones in the north and south halves of the lake. We then considered subsets of encounters with anglers in a single skill group in the northern and southern zones to examine the interaction of skill and habitat for affecting overall vulnerability. We also considered only skilled anglers when fishing with the soft-plastic lure, which is a common lure among more specialized anglers and has been found to be more effective in catching pike in the same study lake (Arlinghaus et al. 2017b ). All encounter variables were standardized via z-transformation and tested with the most parsimonious logistic regression model from objective one in a restricted model set to compare the relevant effects of angler encounters and perch behaviours on vulnerability. Model selection followed the same methods as described before. All variables in all models had a variance inflation factor below 3 (Zuur et al. 2007) .
Lastly, we calculated the mean standardized selection gradient according to Matsumura et al. (2012) for significant traits in the best logistic model, which enabled a trait-by-trait fitness elasticity comparison. To that end, we transformed the regression coefficients to their linear equivalents following Janzen and Stern (1998) before calculating normalized selection gradients on adaptive traits.
Results
Descriptive information
The 33 perch swam on average 5.6 ± 2.5 km·day −1 (mean ± SD) and had a daily 95% activity space size of 5.1 ± 1.5 ha (mean ± SD) (see Fig. S3 for raw data). The 33 tagged perch were typically found in the sublittoral onshore area and more rarely in the pelagic and the lake centre (see Fig. S4 for raw data on space use). This pattern resulted in an average daily distance of 73 ± 12 m (mean ± SD) from the shoreline. Perch displayed strong diurnal behavioural patterns. Before sunset, the perch swam on average 4.5 ± 2.4 km and were on average 87 ± 20 m from the shore, while during the night, they swam significantly less at an average of 1.0 ± 0.6 km (paired t test, t = 14.63, df = 32, p < 0.001) and were significantly closer to the shore, on average 59 ± 18 m away (paired t test, t = 12.56, df = 32, p < 0.001). All behaviours that we measured were significantly repeatable ( Fig. 1) with 95% credible intervals ranging from 0.27 to 0.72. Daily latitude and longitude were the most repeatable behaviours (R = 0.53 and 0.60, respectively) and activity was least repeatable (R = 0.40).
Objective 1 -Is there angling-induced selection on perch personality in the wild?
There were 20 capture events of acoustically tagged perch consisting of 15 unique individuals. Four acoustically tagged perch were captured twice and one was captured three times resulting in 45% of acoustically tagged perch (n = 33) captured at least once over 1.5 months. None of the behavioural traits nor TL explained time to capture for acoustically tagged perch; the most parsimonious model was the null model (Table 1) . However, the most parsimonious model predicting the fitness outcome of being captured during the whole fishing period contained the average latitude and longitude (Fig. 2) and TL (Table 1 ). The effect of latitude had a considerably higher odds ratio than the effect of longitude, while the 95% confidence interval of the effect size of TL overlapped 1, indicating that length explained some variance in capture, but the effect was not significant (Table 2) . Overall, perch preferring habitats more north and west in the lake were more likely to be captured at least once, although these fish were regularly captured beyond their core home range (only 60% of captures were in the lake's northern onshore zone) (Fig. 2) . The differences in habitat between captured and never captured perch became greater in the night after angling (Fig. S5 ). We thus also tested our models using only variables measured during daylight (because fishing only took part during daylight) and found that the results were unchanged (not shown). Accordingly, the fitness model (i.e., the logistic regression model examining fisheries selection) documented angling-induced selection pressures in relation to habitat use as represented by average latitude and to a lesser extent longitude (Table 2 ). There was, however, no selection on activity as a repeatable personality trait, and by association, there was no evidence for selection on the highly correlated (see Fig. S2 ) trait of space use (Table 2) . Collectively, among all 104 experimental anglers fishing over 1.5 months, there were 764 perch capture events of fish ranging from 6 to 45 cm TL (25 ± 8 cm TL, mean ± SD) over a total 709.6 h of angling effort. There were 95 captures of 79 individual nonacoustically tagged perch larger than 33.5 cm TL, the size range of acoustically tagged perch. The average CPUE for perch above 33.5 cm TL was 0.18 ± 0.15 fish rod·h −1 (mean ± SD, n = 104), while Note:
The most parsimonious models according to AICc model selection is bold.
Fig. 2. Mean latitude and longitude positions of captured (red points) and never captured (black) acoustically tagged Eurasian perch
Perca fluviatilis, and their standard deviations. Blue triangles indicate capture location for these acoustically tagged perch. The background of the lake is the kernel utilization distribution of the fishing locations of all anglers. The white background denotes regions outside the 95% volume contour of the kernel utilization density of the angler's space use. Note that although average positions tend to be near the centre of the lake, the perch tend to stay closer to the shoreline (see Fig. S4 ). [Colour online.] the average CPUE for all perch was 1.03 ± 0.98 fish rod·h −1 (mean ± SD, n = 104).
Anglers of all skill levels concentrated most of their effort along the lake's shoreline (Fig. 3) , but the high-skill group spent marginally more time fishing in the open water (Fig. S6 ). Yet, there were no significant differences among the three groups (low-skill, n = 42; middle-skill, n = 35; high-skill n = 27) in terms of latitude use (ANOVA, F [2, 101] (Fig. 3) , indicating no skill-related differences in the choice of angling habitats in Kleiner Döllnsee.
There was a significant effect of skill group on the CPUE of large perch in the same size range as acoustically tagged perch (glm, null deviance = 125.4, residual deviance = 111.0, df = 2, 101, p < 0.001; Tukey HSD comparisons, high-skill to middle-skill, p = 0.053; highskill to low-skill, p < 0.001; middle-skill to low-skill, p = 0.28), but self-reported skill did not predict performance in terms of catching perch over 28 cm TL (glm, null deviance = 149.8, residual deviance = 146.1, df = 2, 101, p = 0.152), perch in general (glm, null deviance = 143.6, residual deviance = 142.7, df = 2, 101, p = 0.63), or all species (glm, null deviance = 142.6, residual deviance = 140.4, df = 2, 101, p = 0.34) (Fig. 4 ).
An ANOVA indicated that there were no significant differences in lure use among the skill groups (F [2,101] = 1.83, p = 0.17), as the soft-plastic lure was used 57% ± 30% (mean ± SD, n = 42), 61% ± 34% (mean ± SD, n = 35), and 70% ± 36% (mean ± SD, n = 27) of the time by the low-skill, middle-skill, and high-skill anglers, respectively. However, individual variation in lure use was substantial, probably contributing to the lack of significant differences despite a clear trend that the use intensity of the soft-plastic lure increased with skill level. In terms of encounters, which were estimated separately according to each lure used by each angler, the rate (per unit angling effort) of encountering new individual perch (fish per hour) was not significantly different among the three skill groups (glm, null deviance = 199.3, residual deviance = 199.2, df = 2,187, p = 0.93) and also the encounter time per unit effort with perch independent of fish identity (fish minutes per hour) was not significantly different among the three skill groups (glm, null deviance = 222.5, residual deviance = 221.7, df = 2, 187, p = 0.68) (Fig. S7) .
Of models predicting CPUE of large perch in the size range of acoustically tagged individuals, the most parsimonious model included an interaction between the rate of encountering new individual perch and skill; however, models that included only skill or skill and day both had a delta AICc less than 2 and thus equal explanatory power (Table 3 ). The simpler model excluding encounters was then considered the best model. Accordingly, CPUE increased for those in the high-skill group relative to the low-skill group and also increased to a lesser extent for the middle-skill group relative to the low-skill group (Table 4 ). An equally parsimonious model indicated that CPUE increased with higher encounters of new individual perch; however, this effect was small, particularly in comparison to the effect of skill (shown by the strongly different intercept at zero encounters in Fig. 5 ). The 95% confidence intervals for the effect size of day overlapped 1 and the effect was overall small, indicating that day did not have a significant effect on angler CPUE. Encounter time per unit effort with any perch (fish per minute per hour) was of no importance in any of the best models (Table 3) . Similarly, lure type, encounters while using particular lure types, and habitat choice were not retained in the best models (Table 3) . Overall, individual CPUE for large perch was largely independent of encounters, lure use, and angler habitat choice (as indexed by latitude) and was instead mainly driven by a plain skill effect (Table 4) .
Objective 3 -Understanding the encountering process of fish and anglers
The total encounter duration over 29 angling days of individual tagged perch with anglers ranged from 7 to 142 min, with a mean of only 58 ± 26 min per tagged perch. When total encounter times were subset by angler skill level, individual perch encountered low-skilled anglers on average 17 ± 10 min, middle-skilled anglers on average 23 ± 13 min, and high-skilled anglers on average 18 ± 12 min. When total encounter times were subset by lure, individual fish encountered the spinner on average 16 ± 8 min compared to on average 42 ± 22 min with the shaker over 29 fishing days. Individual tagged perch encountered anglers on average 8 ± 6 min in the southern onshore area of the lake, while in the northern onshore area, fish encountered anglers on average 24 ± 21 min over 29 fishing days. Finally, individual perch encountered on average 53 ± 7 of the 104 unique anglers (range = 33-65).
We found four models comparing the joint effects of encounters and perch behaviours on angling vulnerability with equal explanatory power. In these, the selection of angling on habitat choice (indexed by latitude and longitude of the fish) remained in all four models (Table 5) . Importantly, angling-induced selection on perch habitat choice remained significant despite accounting for differential exposure to anglers. Hence, after controlling for encounters with different angler types, there was still evidence for selection on traits characterizing individual perch in terms of habitat choice. Additionally, the most parsimonious model also included an effect of minutes encountering anglers in the lake's northern onshore zone. The other three equally parsimonious models included the encounters in the lake's northern and southern onshore zones, the encounters in the lake's northern and southern onshore zones when subset by middle-skill group anglers only, and finally encounters with all anglers (Table 5 ). The direction of encounter effects was as expected in that more encounters with anglers resulted in a higher probability of being captured, with the exception of encounters in the lake's southern onshore zone, which had a negative coefficient (Table S2) . However, the lower estimate of the 95% confidence interval of the effect size for encounters in the northern sublittoral region of the lake was near 1, indicating that the effect was small compared to the habitat choice variables characterizing the individual perch (Table 6) . Similarly, the 95% confidence intervals of the effect sizes for all other encounter variables included in the most parsimonious models overlapped 1 and were therefore not significant (Table S2 ). The mean standardized selection gradients ± their standard error were −1.49 ± 0.57, 0.84 ± 0.33, and −0.17 ± 0.10 for the latitude (scaled as the distance in metres from the southernmost point in Kleiner Döllnsee), longitude (scaled as the distance in metres from the westernmost point in the Kleiner Döllnsee), and encounters in the northern onshore zone, respectively. Consequently, anglinginduced selection operated mainly on habitat choice variables in perch and here most strongly on latitude. Vulnerability was additionally affected slightly by the duration of encounters in the lake's northern onshore zone. 
Discussion
We found partial support for the three hypotheses that guided our analysis. First, our study revealed that angling indeed induces selection on behaviours of large piscivorous perch in the wild, but in disagreement with our hypothesis, selection operated neither on activity nor space use (with the lack of effects only expected for space use in mobile anglers, Alós et al. 2012 ). Instead, selection was directed at systematic habitat choice variation of large perch. Second, our hypothesis relating to self-reported angling skill was strongly supported, as high-skilled anglers outperformed lowskilled anglers in catching large perch. However, in contrast with our hypothesis, the success of high-skilled anglers was derived from their ability to use artificial lures or remain attentive during fishing rather than superior lure choice or fish finding ability. Lastly, we rejected our third hypothesis because perch vulnerability to capture was largely independent of the angler type encountered and was instead driven by habitat choice and more modestly by overall encounter duration in the lake's northern area. Overall, while perch capture efficiency was a function of skill, the specific behavioural type of perch captured by anglers was independent of angler skill.
On theoretical grounds, the accumulation of a fish's encounters with angling gear is thought to strongly predict the probability of capture (Lennox et al. 2017 ) and was a key reason for expecting angling-induced selection on activity or possibly home range behaviours under certain fishing styles (Alós et al. 2012; Arlinghaus et al. 2017a) . Encounters with angling gear are certainly a necessary condition for capture , and we indeed revealed that the total time a perch was in close proximity to anglers when in the northern onshore area of the lake significantly elevated its chances to be captured. Therefore, our results showed for an individual perch that it mattered where the angler was encountered. However, compared to the intrinsic and highly repeatable habitat choice variables characterizing variation among individual perch, the encounter rate with anglers, independent of angling skill, was a poor predictor of individual capture probability. Similarly, the encounter rate with perch was a poor predictor of angler CPUE of large perch. Therefore, we conclude that encounter rates are at most weakly related to capture in perch angling with lures, a finding that agrees with a recent telemetry study with common carp, Cyprinus carpio, and tench, Tinca tinca, in the same study lake . By contrast, another recent study in pearly razorfish fished Fig. 3 . Boxplots of catch of all species, catch of all Eurasian perch, Perca fluviatilis, catch of perch over 28 cm total length, and large perch over 33.5 cm total length per hour of fishing according to the self-reported three angler skill levels. The bars inside the box represent the median, the box represents the range between the 25th and 75th percentiles, and whiskers extend to 1.5 times the interquartile range. Outliers are indicated by points. with natural bait found strong evidence for boat-angling-based selection on both activity and home range , suggesting strong species-and fishery-specific effects on determinants of vulnerability. It is possible that our findings would be different when fishing for perch with natural baits or in other life stages (Ballew et al. 2017) . Fish react differently to the presence of natural or artificial baits (Payer et al. 1989; Arlinghaus et al. 2008) as shown previously in northern pike (Beukema 1970) , which learned to avoid artificial lures but not natural bait. Encounters likely have a greater influence on vulnerability when fishing with natural bait because natural baits should attract all fish behavioural types whereas artificial lures are expected to attract more aggressive and bold individuals (Wilson et al. 2015) , thereby reducing the predictive power of encounters.
The reasoning for our finding that encounters between fish and anglers were less important than predicted may be found in vulnerable pool dynamics conceptualized in foraging arena theory. When applied to angling, foraging arena theory states that fish exchange rapidly between vulnerable and invulnerable states at time scales of minutes or hours (Cox and Walters 2002; Camp et al. 2015) . Under natural predation, spatial vulnerability is important, but in angling, the fish must be in a "reactive" state to attack a lure in addition to being spatially encountered (Camp et al. 2015) . Accordingly, many fish encountered will be spatially vulnerable (Matthias et al. 2014 ) but effectively invulnerable, particularly to artificial lures, diluting the effect of encounter duration on capture probability (Lennox et al. 2017) . From a fish perspective, their behavioural characteristics may far outweigh the effects of angler encounters towards vulnerability with artificial lures (Sutter et al. 2012) . Thus, encounters are a necessary but insufficient condition of angling vulnerability .
Contrary to our initial expectations, perch swimming activity was unrelated to vulnerability despite its significant repeatability (the latter confirming earlier studies in the study lake, Nakayama et al. 2016 ). The poor relationship between encounters and vulnerability of perch that we documented already explains why activity was unrelated to vulnerability. Our findings also agree with results from a range of species in laboratory contexts (Wilson et al. 2011 (Wilson et al. , 2015 Härkönen et al. 2016 ), seminatural ponds (Binder et al. 2012) , and the wild (Olsen et al. 2012) . By contrast, Biro and Post (2008) found that more active rainbow trout, Oncorhynchus mykiss, genotypes were more easily captured in gill nets. This indicates that selective properties on given personality traits depend on gear type (Diaz Pauli et al. 2015; Andersen et al. 2018) , species and fishery (Arlinghaus et al. 2017a; Diaz Pauli and Sih 2017; Lennox et al. 2017) .
We found a strong relationship between habitat choice and vulnerability, similar to Matthias et al. (2014) in largemouth bass. We accounted for direct encounters in different lake basins and angling locations, and space use was independent of skill level; hence, our finding is not a result of captured perch dwelling in a location where anglers spent more effort. Capture by angling is ultimately dependent on fish behaviour, and therefore, the relationship between vulnerability and habitat choice more likely results from some fine-scale habitat-specific behaviour. We speculate about several possibilities. First, habitat-specific prey preferences may be present. Stable isotope analysis has shown that differences in diet composition among large perch in Kleiner Döllnsee are related to life-history prototype and behavioural type along a risk gradient (Nakayama et al. 2017) , indicating intrinsic differences in foraging behaviour among Kleiner Döllnsee's large perch. Lure choice and natural foraging have been found to relate to vulnerability to angling in several species (Nannini et al. 2011; Sutter et al. 2012; Wilson et al. 2015) , although Kekäläinen et al. (2014) failed to find a relationship of capture method (natural versus artificial bait) and boldness in smaller perch. As perch are predominantly visual foragers, lure appearance could be a key factor determining if the lure is considered a prey item. Therefore, perch preferring the lake's northwest region may have visually associated our lures with preferred prey, increasing the attack likelihood. Second, perhaps habitat-specific aggression exists among the perch. Aggression is genetically related to largemouth bass vulnerability (Sutter et al. 2012 ) and therefore remains a good candidate for selective capture in perch. Additionally, Härkönen et al. (2016) found that initial exploration predicted relative perch catchability in laboratory contexts. However, nearly all perch tracked in our study were familiar with the lake before tagging, and therefore, we could not measure exploration in a novel environment. It is possible that initial exploration measured in Härkönen et al. (2016) was a proxy for aggressive behaviour (Adriaenssens and Johnsson 2013) . We thus suggest that habitat choice is indicative of underlying behavioural patterns related to selecting a highquality habitat and is presumably to be correlated with variation in aggression and (or) foraging mode.
We detected a clear signature of self-reported skill in the catch rates, in agreement with previous findings that angling experience strongly predicts perch catch rates and capture size (Heermann et al. 2013) . By contrast, Seekell (2011) suggested that exceptional angling catches are often the result of chance or simply caused by time investment into fishing, but he could not rule out that skill also affected catches. Angling skill is difficult to rapidly approximate in surveys, as sophisticated assessment methods are lacking (Seekell 2011) . Our work suggests that it may be easy to classify angling skill in a new lake a priori based on self-assessment from three items, thereby contributing to calls to develop skill indices for inclusion in human dimensions surveys (Seekell 2011) . Our threequestion index must still be validated in other fisheries and cultures because responses and angler behaviours may vary regionally (Ward et al. 2013 ).
We have not only found a clear effect of skill on catch rates but also gained a better understanding of how skilled anglers catch more perch. As catch rates were largely independent of total encounters, encounters with a particular lure type, and encounters with anglers of particular skill types (who also used similar habitats), the skill effect appears to be largely the result of finesse or concentration with the lure. Collectively, our findings indicate that the ability to either take advantage of an encountered fish in a vulnerable state or to promote an encountered fish to switch to a vulnerable state through angling technique is most influential to the probability of capturing large perch compared to all other factors that we tested and is thus the most plausible explanation for the skill effect that we documented. Importantly for our study objectives, differently skilled anglers caught more fish but captured the same behavioural types. Hence, selection by anglers varying in skill will only be altered by possible differences in An asset of the present study is that it was conducted in a natural system with real fish-angler dynamics, thereby reducing experimental artefacts from a laboratory environment. However, there are still a number of limitations to our approach. First, we were unable to measure theoretically important fish behaviours such as aggression and boldness that operate at scales finer than the resolution of the telemetry system, which has an average precision of 5 m. Second, we were restricted to study a single lake. It remains to be seen how generalizable our findings are because of the temporal and lake-specific population dynamics of perch. The population dynamics of perch for example depend on the trophic state of the lake, lake size, and its clarity (Persson et al. 2004; Svanbäck and Persson 2009; Jacobsen et al. 2015) . Third, anglers may behave differently when they are familiar with a waterbody and are more easily able to find fish with an echosounder. However, we expect that with enhanced ability to find fish, the separation in catch rates according to skill would grow wider. Nevertheless, more studies in other lakes are needed before our results can be generalized.
We conclude that perch angling induces selection on spatial behavioural traits, and assuming that some repeatable trait variance has a genetic origin, fisheries-induced evolution of behaviours is possible as previously argued (Arlinghaus et al. 2017a; Diaz Pauli and Sih 2017) . We further conclude that angler skill strongly affects catch outcomes, which is an intrinsic effect unrelated to searching ability or lure choice. Finally, the ultimate catch outcome from a fish perspective is mainly driven by fish behaviour and less by angler behaviour. Different angler types exert differential overall mortality but do not seem to catch different fish personalities, at least not under the conditions we examined. To understand the potential for evolutionary consequences from angling, future studies are required to establish the precise trait under selection and its heritability and plasticity. With respect to plasticity, it is currently unclear how the remaining perch might respond to freed niches once vulnerable perch are harvested. Before such research becomes available, we suggest fisheries managers consider the potential for habitat-specific behavioural selection in the design of protected areas and the spatial management of fisheries (Villegas-Ríos et al. 2017) . Moreover, our finding that angler skill plays a substantial role in catch rates of target fish via lure ability indicates that skill ought to be considered in creel surveys, particularly as skill might be reliably measured through a short index. The skill effect that we found may have important managerial implications because anglers are known to sort their effort among regional sites according to specialization (Ward et al. 2013) , which is correlated with angling skill (Dorow et al. 2010) . Hence, overall fishing mortality on a given stock will depend on where a given angler type preferentially fishes as previously documented (Johnston et al. 2010; Ward et al. 2013) , although these effects will depend on the differential tendency of a given angler type to practice voluntary catch-and-release as opposed to catch-and-kill. 
